Mosaic plasmids, plasmids composed of genetic elements from distinct 25 sources, are associated with the spread of antibiotic resistance genes. Transposons 26 are considered the primary mechanism for mosaic plasmid formation, though other 27 mechanisms have been observed in specific instances. The frequency with which 28 mosaic plasmids have been described suggests they may play an important role in 29 plasmid population dynamics. Our survey of the confirmed plasmid sequences 30 available from complete and draft genomes in the RefSeq database shows that 46% 31 of them fit a strict definition of mosaic. Mosaic plasmids are also not evenly 32 distributed over the taxa represented in the database. Plasmids from some genera, 33 including Piscirickettsia and Yersinia, are almost all mosaic, while plasmids from 34 other genera, including Borrelia, are rarely mosaic. While some mosaic plasmids 35 share identical regions with hundreds of others, the median mosaic plasmid only 36 shares with 8 other plasmids. 37 When considering only plasmids from finished genomes (51.6% of the total), 38 mosaic plasmids have significantly higher proportions of transposases and 39 antibiotic resistance genes. Conversely, only 56.6% of mosaic fragments (DNA 40 fragments shared between mosaic plasmids) contain a recognizable transposase, 41 and only 1.2% of mosaic fragments are flanked by inverted repeats. Mosaic 42 fragments associated with the IS26 transposase are 3.8-fold more abundant than 43 any other sequence shared between mosaic plasmids in the database, though this is 44 at least partly due to overrepresentation of Enterobacteriaceae plasmids. 45 Mosaic plasmids are a complicated trait of some plasmid populations, only 46 partly explained by transposition. Though antibiotic resistance genes led to the 47 identification of many mosaic plasmids, mosaic plasmids are a broad phenomenon 48 encompassing many more traits than just antibiotic resistance. Further research 49 will be required to determine the influence of ecology, host repair mechanisms, 50 conjugation, and plasmid host range on the formation and influence of mosaic 51 plasmids. 52 53 Author Summary 54 Plasmids are extrachromosomal genetic entities that are found in many 55 prokaryotes. They serve as flexible storage for genes, and individual cells can make 56 substantial changes to their characteristics by acquiring, losing, or modifying a 57 plasmid. In some pathogenic bacteria, such as Escherichia coli, antibiotic resistance 58 genes are known to spread primarily on plasmids. By analyzing a database of 8,592
functional knowledge of the genes involved to determine the level of identity 137 necessary to declare genes homologous. For these reasons, synteny is not well 138 suited to large studies across highly diverse sets of plasmids.
139
Parametric measures of gene composition can be applied on a large scale, 140 and are less affected by database biases. They are also prone to error, since GC 141 content and dinucleotide profiles vary even for genes that have been vertically 142 transferred for many generations. This is particularly true for comparisons to 143 smaller genetic elements (since fewer genes are available to establish the proper 144 baseline), increasing the false positive rate. Parametric methods also suffer from 145 false negatives, missing mosaic events where plasmids from similar genetic 146 backgrounds have exchanged DNA.
147
Sequence identity can be specific enough to confidently predict that a DNA 148 sequence has transferred between genetic contexts (15), but can only be used to 149 identify transfer events that have happened recently (i.e. with few or no subsequent 150 point mutations). Sequence identity comparisons thus have low rates of false 151 positives but high rates of false negatives, and are most effective in identifying 152 populations where DNA transfer is frequent relative to the base mutation rate.
153
In the research described below we use a sequence-identity-based, 154 quantitative definition of 'mosaic' to study mosaic plasmids across 8,592 plasmid 155 sequences from the RefSeq plasmid database maintained by the National Center for 156 Biotechnology Information (hereafter referred to as the NCBI plasmid database).
157 Using our quantitative, universal definition of mosaic plasmids, we compare the 158 fraction of plasmids that, using these conservative criteria, are mosaic across 159 different plasmid populations. By extending the concept of mosaic plasmids to the 160 population level, we can begin to ask questions about the forces that favor or 161 disfavor mosaic plasmids, and the implications of mosaic plasmids for important 162 prokaryotic traits such as the spread of antibiotic resistance. Our initial hypothesis 163 is that mosaic plasmids would be found across many prokaryotic clades based on 164 the fundamental mechanisms involved, and because they have been previously 165 observed in species from the Enterobacteriaceae (5, 7), Rhizobium (12), and Borrelia
166
(1) clades. We also hypothesize that mosaic plasmids would be most abundant in 167 the Enterobactericeae, where mosaic plasmids have been most frequently observed 168 and contribute to high levels of antibiotic resistance(6).
169 Results
170
Abundance of mosaic plasmids. For our analyses, we used all 8,592 finished 171 or draft prokaryotic plasmid sequences in the NCBI plasmid database (Table 1) 172 except where noted otherwise. We define a plasmid as mosaic if it contains a region 173 of 500 bp or longer with 100% identity to the sequence of another plasmid (called a 174 mosaic fragment), and where those two plasmids have less than 93.90% global 175 sequence identity (see Methods section for details). For the purposes of this study, 176 we will refer to plasmids that pass our criteria as "mosaic" and those that do not 177 pass as "non-mosaic". Figure 1B ). Of the links between mosaic plasmids, 82.71% are 187 between plasmids isolated from different species ( Figure 1C ). Each mosaic plasmid 188 can have between 1 and several thousand links (median = 12, Figure 1D plasmids in the database tend to be longer than non-mosaic plasmids,   197  with an average length of 120,682 bp and median length of 62,653 bp, compared   198  with an average length of 61,926 bp and median length of 13,415 bp for non-mosaic   199 plasmids ( Figure S1 ). These numbers are likely influenced by our strict 200 requirements for mosaic plasmids, and by the fact that most known megaplasmids 201 (greater than 1 Mbp) are mosaic.
202
Distribution of mosaic plasmids over incompatibility groups. We were able to 203 identify incompatibility groups for only 1,890 plasmids using the PlasmidFinder 204 database (16). In these plasmids, we found an average of 1.39 rep genes. Where 205 multiple rep genes were present, we classified the plasmid according to the highest 206 confidence match to PlasmidFinder. Most of these plasmids fit our definition of 207 mosaic ( Figure 2A ) and many had exchanged mosaic fragments with plasmids from 208 other incompatibility groups ( Figure 2B ).
209
We again created a network to visualize the sharing of large (> 5 kbp) mosaic 210 fragments between plasmids from the same or different incompatibility groups 211 ( Figure 2C ). This visualization shows that some of the mosaic fragments shared over 212 large phylogenetic distances stay within the same incompatibility group, as well as a 213 bias in Yersinia for exchange within an incompatibility group. 71 of the 158 Yersinia 214 plasmids are IncFII, including several variants of the Y. pestis plasmid pCD1.
215
Distribution of mosaic plasmids over genera. Since our definition of mosaic is 216 based on comparisons within the database, we hypothesized that as the number of 217 sampled plasmids in a population increases, the proportion of those plasmids 218 identified as mosaic would also increase. This hypothesis implicitly assumes that the 219 underlying distribution of mosaic plasmids is uniform across all plasmid 220 populations. We tested this hypothesis on all genera with at least ten sequences in 221 the NCBI database, equaling 8,272 plasmids across 117 genera. Our analysis does 222 not support our hypothesis, as there is no apparent correlation between the number 223 of plasmid sequences in the database from an organism and the fraction of those 224 plasmids deemed to be mosaic ( Figure 3 , Table S1 ). 
253
To test our transposase hypothesis, we identified transposases using a 254 Hidden Markov Model (HMM) transposase database developed from the J Craig 255 Venter Institute Genome Property, GenProp1044 (17). After identifying 256 transposases, we calculated the proportion of genes on each plasmid that were 257 transposases (to eliminate bias resulting from mosaic plasmids greater median 258 length). We then compared the distribution of transposase gene proportions in 259 mosaic and non-mosaic plasmids. For this analysis we only considered plasmids 260 from finished genomes with annotated coding regions (n = 4,055). We found that 261 mosaic plasmids are composed of a significantly higher proportion of transposases 262 (median = 5.0% of genes) compared to non-mosaic plasmids (median = 0.0% of 263 genes), with p = 6 x 10 -195 (two-sided Mann-Whitney U test), supporting our 264 hypothesis ( Figure 4A ). Despite the high abundance of transposases in mosaic plasmids, we could not detect any transposases in 389 of the finished plasmids (n = 266 1560) we defined as mosaic. Also, 765 non-mosaic plasmids do have a transposase.
267
As a complimentary method, we identified inverted repeats (IR) using 268 EMBOSS(18) as signs of potential transposon or insertion sequences in our mosaic 269 plasmids. Table 2 shows where IR occurred within 10 bp of the boundaries of 270 mosaic fragments in each of their host plasmids. The 10 bp gap was included 271 because we expect the mosaic boundary determination to vary in some cases due to 272 the random nature of the surrounding plasmid DNA. We found that few mosaic 273 appear to be simple transposons -flanked by IR and containing a transposase -with 274 64.12% of mosaic fragments not flanked by IR, and 43.42% not containing any 275 transposase genes. We identified resistance genes using the Resfams HMM database (19), and 278 calculated the proportion of genes on each plasmid that confer antibiotic resistance, 279 again limiting to plasmid sequences containing at least ten genes ( Figure 4B ). We 280 found that mosaic plasmids (median = 0.0% of genes) contain significantly more 281 antibiotic resistance genes non-mosaic plasmids (median = 0.0% of genes), with p = 282 6 x 10 -186 (two-sided Mann-Whitney U test), supporting our hypothesis.
283
Analysis of highly shared mosaic fragments. We next turned to the question 284 of the identity of mosaic fragments shared between plasmids, starting by identifying 285 the number of occurrences of the mosaic fragments in the full NCBI plasmid 286 database. For this analysis, mosaic fragments must be greater than 500 bp long and 287 present in more than one plasmid. To focus on the mosaic fragments that are shared 288 most frequently, in cases where one mosaic fragment was a subsequence of another, 289 the larger mosaic fragment was reduced to the subsequence and combined with the 290 smaller mosaic fragment. The identified fragments range in size from 501 bp to 291 55,524 bp, with a median length of 1,146 bp. We enumerated the number of 292 occurrences of each mosaic fragment in the NCBI plasmid database, counting 293 instances where a mosaic fragment is present in multiple locations on the same 294 plasmid ( Figure 5A ). We found that the clear majority of mosaic fragments occur in 295 fewer than 250 locations in the NCBI plasmid database, but that there are a few 296 highly abundant outliers (Table S2 ). Only 35.22% of mosaic fragments contain any 297 part of functional transposase sequence, and these fragments are similarly 298 distributed to the mosaic fragments without transposases ( Figure 5B ). It is possible 299 this is an artifact of our requirement that sequences be 100% identical to be 300 considered the same mosaic fragment; for instance, if a mosaic fragment is moved as 301 a transposon and the transposase undergoes one or more point mutations while 302 adjacent sequences do not, it would not be considered part of the same mosaic 303 fragment. If we relax the mosaic definition to allow 99%-identical sequences to be 304 considered mosaic fragments, then the percent including some transposase 305 sequence increases to 35.69% ( Figure S2 ). Examining specific sequences revealed that the six mosaic fragments with 307 between 1,300 and 1,400 occurrences all contain part of the IS26 transposase (in 308 one fragment the transposase is annotated as incomplete). These mosaic fragments 309 often co-occur, but each occurs separately in at least one location in the NCBI 310 plasmid database (information on genetic context for these fragments in Table S2 ).
311 This means that the IS26 transposase is found in the NCBI plasmid database more 312 frequently than the most abundant mosaic fragment (1, 386) . To determine if the 313 IS26 transposase is widely distributed, or highly abundant in certain taxa, we 314 assessed the proportion of plasmids containing the IS26 transposase from each 315 genus represented in the NCBI plasmid database ( Figure 5C ). This analysis 316 demonstrates that IS26 is phylogenetically constrained, since each genus that 317 contains the IS26 transposase in greater than 5% of its plasmids, apart from 318 Photobacterium (which had 7 plasmids present in the NCBI database), is a member 319 of the Enterobacteriaceae. A BLAST of the IS26 protein sequence against 320 pMR0716_tem1, the most highly linked plasmid sequence, revealed 37 complete 321 copies (and at least one incomplete copy) of the transposase.
322
To determine if there were any mosaic fragments present in more diverse 323 contexts than the IS26 transposase, we identified the number of distinct genera 324 carrying each mosaic fragment ( Figure S3 ). We found that there are mosaic 325 fragments found in plasmids from up to 24 genera, compared to 19 genera for the Figure 5B demonstrates that mosaic fragments exist with 364 antibiotic resistance genes and not transposases and vice versa, but their frequent 365 co-localization likely increases the frequency of mosaic events around both types of 366 genes.
367
We suggest that transposases represent a mechanism of variation and that 368 antibiotic resistance genes represent a selective pressure for the formation of 369 mosaic plasmids. A third potential component is exposure to novel genetic material, 370 with conjugation representing one mechanism. We did not explore this possibility 371 because we were concerned that we could not accurately identify this trait across 372 the diverse plasmids from this dataset, but conjugation is a prime target for future, 373 more focused studies.
374
Our results indicate that alternative mechanisms and selection pressures are 375 necessary to account for the full range of mosaic fragments. Accounting for these 376 alternatives would improve our understanding of plasmid populations dynamics. (1), and large scale rearrangements of unknown 405 mechanism (7). Of these, homologous recombination has the potential to play a 406 major role in plasmid populations where some mosaic fragments are already highly 407 abundant. Second, Figure S1 shows over one hundred highly abundant mosaic 408 fragments that have no overlapping transposase sequence, even when only 99% 409 identity is required to call them mosaic. These fragments may be adjacent to 410 transposases in some but not all plasmids, suggesting that either distinct 411 transposases are moving the same mosaic fragments or other mechanisms are 412 involved. Third, several of the mosaic fragments are larger than would be expected 413 from transposition events alone. Further studies will be required to definitively 414 determine the contribution of each of these to mosaic plasmid formation and 
457
The plasmids from Piscirickettsia are interesting because they are the only 458 genus with 100% of its plasmids identified as mosaic in our analysis. Piscirickettsia, 459 known as salmon pathogens, can be exposed to high levels of antibiotics when 460 present in salmon farms. Recent work has determined that antibiotic resistance 461 genes found in fish stock pathogens can be traced to fish feed (21). The 462 Piscirickettsia plasmids present in the NCBI plasmid database come from strains 463 isolated from salmon farms in southern Chile across multiple studies by two 464 research groups over several years (22, 23) . Since these plasmids came from one 465 geographic region, they may not represent the global diversity of Piscirickettsia plasmids -but even if these plasmids had all come from a single study the mosaic 467 fraction would be notably high. Interestingly, among plasmid populations with a 468 high mosaic fraction, the Pisciricksettsia plasmids were unusual in that all but two of 469 their plasmids shared mosaic fragments only with other Piscirickettsia plasmids.
470
There may still be plasmids from other organisms that introduce these mosaic 471 fragments, which then spread throughout the Piscirickettsia plasmids, but if so then 472 these source plasmids have not yet been sequenced.
473
Interestingly, the 206 archaeal plasmids included in the plasmid database did 474 not stand out in this analysis of mosaic character. 37.5% of plasmids from the most 475 common archaeal genus of origin, Haloferax, were mosaic, with no intergenus links -476 an identical profile to the bacterial genus Geminocystis (Table S1 ). While further 477 sampling and a more direct focus may reveal unique features of archaeal plasmid 478 population dynamics, for now they appear to fall within the range of bacterial 479 plasmid populations.
480
Challenges for future study of mosaic plasmids. This study highlights the 481 power of utilizing a resource like the NCBI plasmid database to answer population 482 level questions; however, its biases and composition make it inappropriate to 483 address certain questions. Many of the new questions raised by our analysis will 484 require new research studies specifically designed to address target hypotheses. 
